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CAPACITIVE  BEHAVIOR  IN  CONDUCTING  POLYMERS 


Katsuhiko  Naoi,  Mary  M.  Lien.  William  H.  Smyrl  and  Boone  B.  Owens 

Corrosion  Research  Center 

Department  of  Chemical  Engineering  &  Materials  Science 
University  of  Minnesota 

221  Church  St.  SE,  Minneapolis  MN  55455,  U.S.A. 


ABSTRACT 


The  over-all  differential  capacitance  for  conducting  polymers  like 
polypyrrole  and  polyvinylferrocene  which  show  a  very  high  redox  capacity  for 
the  oxidation/reduction  process  was  modeled  as  a  function  of  applied  voltage 
from  the  cyclic  voltammetric  data.  The  capacitance  values  are  compared  with 
various  types  of  carbon  double  layer  and  conventional  capacitor  devices.  Also, 
the  theoretical  capacitance  values  for  a  cell  was  estimated  by  assuming  a 
hypothetical  minimum  equivalent  cell  consisting  of  an  anode(Li),  a 
cathode(polypyrrole)  and  a  electrolyte  solution  (2  mol  dm-3  LiC104(PC))  without 
any  hardware.  The  charge/discharge  process  or  doping/undoping  process  was 
determined  by  impedance  analysis  and  the  limiting  capacitance  was  estimated. 
Also,  an  attempt  was  made  to  separate  the  faradaic  and  capacitive  currents 
according  to  the  theory  of  the  impedance  of  diffusion  in  a  layer  of  finite 
thickness. 
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INTRODUCTION 

Conducting  polymers  including  electrically-conducting  polymers  and 
redox  polymers  have  a  wide  range  of  applications  in  the  field  of  electronic 
devices  because  they  show  high  electroactivity  and  concurrent  reversible 
doping/undoping  of  ions  from  aqueous  and  non-aqueous  solutions!  1  -9). 
Especially,  in  non-aqueous  solutions  with  poor  nucleophilic  character,  these 
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polymers  show  a  fairly  high  electroactivity(8,9).  Due  to  this  advantage,  one  of 
the  most  promising  applications  is  the  utilization  of  the  electrode  material  as  the 
cathode,  the  anode  or  both  in  energy  storage  devices  such  as  capacitors(l-3)  or 
rechargeable  batteries(8,9).  In  this  paper,  the  authors  decribe  the  large 
capacitive  effect  observed  in  conducting  polymers,  especially,  polypyrrole(PPy). 
Using  three  different  methods,  i.e.,  cyclic  voltammetry,  impedance  and  quartz 
crystal  microbalance(QCM)  measurements,  the  variations  in  capacitance  and 
doping  of  anions  for  PPy  and  PVF  films  are  compared  to  the  mass  changes  that 
occur  during  the  charge-discharge  process.  Two  different  categories  of 
polymers  were  chosen  on  the  basis  of  previous  results(5,  7-9).  The  first  is  the 
redox  polymer,  PVF  which  was  spin-coated  on  a  gold-coated  silicon  wafer 
substrate.  In  PVF  active  sites  are  located  in  the  ferrocene  group  pendant  to  the 
vinyl  chain  shown  in  Fig.l.  The  oxidation-reduction  accommodates  up  to  100% 
anion  doping.  The  second  polymer  is  PPy  which  was  polymerized 
electrochemically  to  a  similar  substrate.  PPy  is  a  heterocyclic  polymer  which 
exhibits  a  doping  level  up  to  about  35%,  and  the  active  sites  are  delocalized  in  3 
monomer  units  (see  Fig.l).  Each  polymer  has  distinctive  features  in  structure 
and  electrochemical  response,  but  the  main  difference  is  the  relative  balance  of 
the  faradaic  process  and  the  capacitive  charging  process. 

EXPERIMENTAL 


Preparation  of  Polymer  Eilms 

PPy  films  were  deposited  by  oxidative  electropolymerization  at  0.8  V  vs. 
Ag/Ag+(0.01  M  AgNC>3)  on  Au  which  was  evaporated  on  silicon  wafers(5,7). 
PVF  (MW=80,000)  films  were  spin-coated  from  a  methylene  chloride  solution 
on  silicon  wafers  which  had  been  coated  with  1000 A  gold  by  evaporation.  The 
entire  disk  was  flooded  with  PVF  solution  and  the  disk  was  rotated  at  200-300 
rpm  for  10  seconds.  The  thicker  films  were  prepared  by  increasing  the  initial 
concentration  of  PVF  and/or  applying  one  more  coat.  The  3"  wafers  were  cut 
into  smaller  pieces  and  a  wire  was  attached  to  the  gold  substrate.  Spin-coated 
PVF  films  are  very  stable  following  the  initial  break-in  cycle,  showing  no 
deterioration  after  2-3  days  immersion  in  the  electrolyte.  For  the  QCM 
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measurements  the  sample  preparation  was  identical,  except  that  the  substrate  for 
each  film  was  a  gold  coated  quartz  crystal. 

Quartz  Crystal  Microbalance  Measurements 

Shear  mode  6MHz  AT-cut  quartz  crystals(INFICON)  were  used  for  this 
investigation^).  The  crystals  had  vacuum  deposited  gold  electrodes  on  both 
sides.  With  a  total  projected  area  exposed  to  the  solution(0.1  mol  dm*3  UCIO4 
in  acetonitrile)  of  0.33  cm2,  the  quartz  plate  was  sealed  to  the  cell  with  a  silicone 
rubber  sealant.  The  resonance  frequency  shift,  which  has  a  linear  relationship 
with  the  mass  change(lO)  was  measured  with  a  frequency  counter,  and  the  data 
was  stored  in  a  personal  computer.  Experiments  were  carried  out  under 
nitrogen.  The  conducting  polymer  film  in  contact  with  the  solution  was  the 
working  electrode  which  was  grounded  through  the  potentiostat.  The  oscillator 
was  isolated  from  the  potentiostat  with  a  1  |iF  capacitor  in  order  to  avoid  dc 
polarization  of  the  crystal. 

Impedance  Measurements 

An  ac  voltage  signal(maximum  amplitude  =  5  mV  peak  to  peak) 
superimposed  on  a  dc  bias  was  applied  to  the  cell  as  a  perturbation,  and  the 
response  current  signal  was  analyzed  using  FFr  techniques(4-6).  The  range  of 
frequencies  was  5  mHz  to  100  kHz. 

PDIM  Measurements 

The  Phase  Detection  Mk  r  >scr  re(ZYGO  MAXIM  3D  Laser 
Interferometric  Microscope)  measu  vertical  heights  over  a  moderately  large 
surface  area  using  the  technique  of  optical  phase-measurement  interferometry. 
This  technique  is  similar  to  but  considerably  more  accurate,  rapid,  and  more 
powerful  than  traditional  visual  detection  of  the  curvature  of  interference  fringes 
resulting  from  light  reflected  from  a  texture  surface.  The  vertical  resolution  of 
the  microscope  is  limited  primarily  by  stray  vibrations  and  is  specified  by  the 
manufacturer  to  be  0.6  nm(l  1). 

RESULTS  AND  DISCUSSION 


Figure  1  is  a  typical  comparison  of  the  cyclic  voltammograms  for  PPy 
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and  PVF.  PVF  shows  one  set  of  sharp  redox  peaks,  indicative  of  100%  redox 
behavior,  and  shows  nearly  Nemstian  behavior.  On  the  other  hand,  PPy  shows 
a  plateau  region  subsequent  to  a  broad  redox  peak,  which  causes  a  large 
capacitive  effect  Characterization  of  the  processes  which  cause  such  behavior 
in  the  cyclic  voltammogram  and  impedance  is  still  unclarified  because  of  the 
superposition  of  capacitive  currents  on  the  redox  process.  The  large  capacitive 
effect  in  some  conducting  polymers  has  been  explained  in  several  ways.  For 
example,  double-layer  formation(3),  over-doping  of  anions(l,2),  and  non- 
Nemstian  redox  processes(2)  have  been  proposed  as  possible  explanations. 

This  analysis  is  continuing  in  our  laboratory. 

Super  Capacitive  Behavior  in  Conducting  Polymers  &  Estimation  of  Differential 
Capacitance 

In  order  to  calculate  the  redox  capacity  for  polymer  electrodes,  the  typical 
cyclic  voltammogram  was  used  where  the  volume  and  the  weight  of  polymer 
were  well  defined.  Two  steps  were  used  to  evaluate  the  differential  capacitance 
of  the  polymer  material(see  Fig.2).  First,  the  current  under  the  cyclic 
voltammogram  was  integrated  with  respect  to  time  to  get  the  coulombic  charge, 
Q(|iC),  as  a  function  of  voltage.  Second,  the  charge-voltage  curves  were 
transformed  to  capacitance,  C(F/cc),  vs.  potential  profiles  by  differentiating 
with  respect  to  potential.  The  capacitance  value  is  expressed  in  units  of  Farads 
per  cubic  centimeter  of  polymer  electrode  material. 

Figure  3  shows  the  charge-voltage  curve  and  differential  capacitance 
curve  for  a  typical  spin-coated  PVF.  There  is  a  rapid  increase  of  charge  up  to  a 
point  slightly  anodic  of  E1/2,  but,  no  accumulation  of  charge  is  observed  beyond 
this  potential.  The  maximum  differential  capacitance  amounts  to  over  2000  F/cc 
during  the  charging  process,  and  during  discharge,  the  value  is  slightly  smaller 
than  2000  F/cc,  probably  within  the  uncertainty  of  the  data  analysis. 

In  dontrast,  PPy  shows  quite  different  behavior.  There  are  two  distinct 
regions  in  the  charge-voltage  curve.  First,  there  is  a  rapid  increase  of  charge 
below  E1/2,  but  charge  continues  to  accumulate  after  the  redox  peaks.  The  first 
region  is  associated  with  the  redox  process,  and  the  latter  region  is  due  to  the 
capacitive  current  observed  following  the  redox  peak.  The  maximum 
capacitance  is  over  2000  F/cc  for  oxidation  and  1400  F/cc  for  reduction.  The 


shape  is  not  quite  symmetrical  in  this  case,  but  it  sustains  about  400  to  500  F/cc 
in  the  plateau  region  which  covers  a  wide  potential  range. 

In  Fig.4a),  the  capacitance  per  unit  weight  of  polypyrrole(Farads  per 
gram,  assuming  d=1.48  g/cc)  is  compared  to  that  of  three  different  types  of  high 
surface  area  carbons,  graphite  powder,  carbon  black,  and  active  carbon  and  the 
BET  surface  areas  are  10,  20-275, 140-190  m2/g,  respectively.  Their  respective 
capacitance  values  are  2  to  4  ,20  to  275  and  40  to  190  F/g.  PPy  shows  a  higher 
value  than  any  of  these  carbon  materials,  because  it  exhibits  the  redox  process  in 
addition  to  the  capacitive  charging  process  characteristic  of  the  carbons. 

A  further  comparison  can  be  made  on  the  basis  of  an  electrochemical  cell 
with  one  of  the  polymers  as  an  electrode.  The  comparison  will  be  made  to 
capacitor  devices  based  on  dielectric  oxides  or  double  layer  charging  that  have 
been  commercially  available.  The  capacitance  value  per  unit  volume!  lcc)  was 
first  calculated  for  a  hypothetical  equivalent  cell(Vceii).  The  minimum  equivalent 
volume  for  an  anode(VLi)  and  electrolyte(VEiectrolyte) m  Li/2M  LiC104(PC)/PPy 
is  expressed  as  a  function  of  cathode  volume(VpPy)  and  the  capacitance  value 
per  cell  is  reduced  by  a  factor  of  4.85  to  that  per  PPy  according  to  the  following 
calculation: 


Vcell  =  vPPy  +  Vy  +  VEiectrolyte 


[1] 


Vcell  =  Vppy  + 


dcVpPv  Ymax  Ma  dcVppy  ymax  1000 
Me  100  da  Me  100  2 


[2] 


where  dc,  Me,  da,  Ma,  ymax  represent  the  density!  1.48  g/cc)  and  monomer 
molecular  weight(65  g/mol)  of  the  PPy  cathode,  the  density(0.53  g/cc)  and 
molecular  weightf6.94  g/mol)  of  the  Li  anode,  and  the  maximum  doping  level  of 
40%  for  PPy. 


Vcell  =  4.85  Vppy 


[3] 


For  a  lcc  Li/2M  LiC104(PC)/PPy  cell,  the  maximum  capacitance  value 
amounts  to  340  F/cc  on  oxidative-charging  and  240  F/cc  during  discharge.  The 
average  capacitance  values  for  both  processes  are  about  120  F/cc.  The  applied 


potential  range  for  the  calculation  was  from  2.0  to  ca.  3.5  V  vs.  a  Li  electrode. 
The  average  capacitance  is  compared  with  those  of  existing  capacitor  devices  as 
shown  in  Fig. 4b).  The  capacitors  compared  are  Al,  Ta,  Ceramic  and  also  the 
electrochemical  double  layer  cells(silver/carbon  cell  with  solid  electrolyte  of 
RbAgals).  Even  though  the  value  for  the  Li/PPy  cell  is  a  hypothetical  value,  the 
value  is  more  than  one  order  of  magnitude  higher  than  the  best  conventional 
systems.  It  is  concluded  that  a  I  i/PPy  has  a  potential  for  utilization  as  a  high 
capacitor  device. 

QCM  Analysis  :  Mass  Change  during  The  Charge/Discharge  Process  for  PVF 
and  PPv  Electrodes 

To  analyze  the  doping/undoping  process  for  PPy  and  PVF  films,  the  in- 
situ  mass  change  occurring  during  cyclic  voltammetry  was  monitored  using  the 
electrochemical  QCM  method(10,l  1).  Figure  5  shows  typical  QCM  data 
obtained  for  the  PVF  and  PPy  electrodes.  The  mass  change  was  monitored 
during  cyclic  voltammetry  at  1  mV/s.  The  mass  change  curve  for  the  PVF  films 
was  fairly  reproducible  and  no  hysteresis  was  observed.  In  contrast, 
polypyrrole  shows  some  hysteresis  for  the  variation  of  mass  change,  so  the 
curves  for  oxidation  and  reduction  scans  do  not  agree.  The  hysteresis  is  due  to 
different  intrinsic  rates  for  the  charging  and  the  discharging  processes,  and  this 
is  reflected  in  the  cyclic  voltammograms  as  well.  The  mass  changes  indicate  that 
the  doping  and  undoping  processes  are  more  complicated  than  might  be 
evaluated  from  the  electrochemical  behavior  above. 

Impedance  Analysis :  Potential  Variation  of  Low  Frequency  Faradaic  and 
Capacitive  Current  for  PPv  Electrodes 

In  order  to  further  analyze  the  doping  and  undoping  behavior  of  PPy 
film,  the  impedance  technique  was  used.  Figure  6  shows  a  typical  Cole-Cole 
plot  for  a  polypyrrole  films  compared  with  a  PVF  film.  Both  films  show  a 
limiting  diffusion  process  or  finite  thickness  effect(4,5).  For  the  PVF  film,  a 
typical  planar  electrode  behavior  is  shown,  but  the  PPy  film  shows  a  typical 
rough  electrode  behavior(5).  In  the  latter  case,  the  magnitude  of  the  impedance 
is  related  to  the  square  root  of  the  impedance  for  a  planar  electrode,  and  the 
phase  angle  declines  to  half  that  of  a  planar  electrode.  There  are  three  different 
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regions  in  the  Cole-Cole  plot.  In  the  high  frequency  region,  the  electrode  process 
obeys  the  Butler-Volmer  equation,  and  is  charge  transfer-controlled.  In  the 
intermediate  frequency  region,  the  over-ail  electrode  process  is  diffusion 
controlled.  From  the  lowest  frequency  region  where  charge  saturation  is 
observed,  one  can  estimate  the  limiting  capacitance,  Causing  the  relationship 
derived  elsewhere(4,5).  Values  of  Cl  were  estimated  from  the  low  frequency 

L2 

impedance  data  (charge  saturation  region:  to  «  D}-  In  this  frequency  range, 

the  phase  angle  approached  j  and  Cl  was  calculated  using  the  following 
equation[4]. 


J_=  d(-Zj) 
d(O)-1) 


[4] 


where  Zj,  Cl,  D,  and  L  are  the  imaginary  component  of  impedance,  the  low 
frequency  redox  capacitance,  diffusion  coefficient,  and  the  polymer  film 
thickness  respectively. 

Figure  7  shows  the  capacitance  of  a  PPy  film  estimated  by  cyclic 
voltammetry  and  impedance.  The  capacitive  element  estimated  from  the 
impedance  measurement  is  smaller  than  the  capacitance  from  cyclic  voltammetry. 
This  is  due  to  the  fact  that  the  Cl  is  only  associated  with  the  faradaic  process. 

Finally,  the  PPy  mass  changes  estimated  from  the  three  methods,  i.e., 
cyclic  voltammetry,  QCM  and  impedance,  are  compared  in  Fig. 8.  The  mass 
from  the  impedance  measurement  is  the  smallest  because  it  only  reflects  the 
faradaic  trapping.  The  value  from  the  QCM  data  is  slightly  higher  than  that 
from  impedance.  This  is  due  to  the  so-called  the  boundary  effect  on  QCM 
measurements  that  arises  because  the  surface  film  is  flexible,  and  it  has  a 
different  relaxation  time  compared  to  that  of  a  rigid  surface.  The  QCM  can  not 
detect  the  tfue  weight  gain  in  such  a  circumstance,  and  the  rough,  open  structure 
of  the  PPy  films  used  here(8,9),  apparently  caused  the  deviation.  On  the  other 
hand,  the  mass  changes  are  much  higher  than  those  observed  with  the  QCM 
measurements. 

For  PVF  films,  there  is  good  agreement  of  the  capacitance  values 
estimated  from  impedance  and  cyclic  voltammetry  measurements  (5a).  In  the 
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case  of  PVF  films,  the  behavior  is  completely  different  form  that  of  PPy  films. 

These  facts  are  related  to  the  doping  process  of  the  two  films.  Figure  9 
shows  the  Phase  Detection  Interferometric  Microscope(PDIM)  profile,  and  a 
brief  schematic  of  the  doping  model  for  PVF  and  polypyTrole  films.  For  PVF 
films,  the  doping  process  is  fairly  straightforward.  The  trapping  of  anions  is 
mosdy  associated  with  the  faradaic  process,  and  shows  very  little  surface 
charging  because  the  film  is  flat  and  compact.  In  the  PDEM  profile,  the  average 
peak-to- valley  height  of  the  PVF  film  is  only  38.9nm,  so  the  surface  is  very 
smooth.  For  such  a  compact  film,  it  is  very  likely  that  a  volumetric  increase  due 
to  solvent  uptake  is  seen  at  the  high  doping  level  of  anion  insertion  into  the 
polymer  phase.  On  the  other  hand,  for  the  polypyrrole  film,  the  doping  process 
is  much  more  complicated.  There  seem  to  be  two  kinds  of  trapping  when  the 
active  sites  are  neutralized  with  the  negative  charge  of  anions.  The  first  is  deep 
trapping  and  the  second  is  a  weak  or  surface  trapping.  The  deep  trapping  is 
associated  with  the  faradaic  current,  and  the  weak  trapping  corresponds  to  the 
large  capacitive  charging  because  the  effective  surface  area  is  very  large.  The 
shallow  trapping  of  the  surface  cannot  be  detected  by  QCM  measurements, 
because  the  polymer  chain  is  not  rigid.  Also,  it  is  likely  that  the  displacement  of 
solvent  occurs  by  insertion  of  a  large  anion  into  the  interior  of  the  polypyrrole 
polymer  la>u*,  and  this  should  be  more  important  in  polypynole(d=1.48)  which 
is  more  dense  than  PVF(d=0.42). 

We  conclude  that  both  redox  and  conducting  polymers  show  large 
specific  capacitances  that  may  be  useful  in  high  energy  capacitor  devises. 
Although  the  mechanism  responsible  for  the  large  capacitance  densities  n 
suggested  above,  more  work  is  needed  for  complete  characterization. 
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FIGURE  1  Cyclic  voltammograms  for  polyvinylferrocene(PVF)  and 

polypyrrolc(PPy)  films  in  0. 1  mol  dm'3  LiClCVacetonitrile(AN) 
at  a  scan  rate  of  0.1  mY  s_1. 
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FIGURE  3  Charge-voltage  characteristics  and  differential  capacitance 
variations  for  (a)PVF  and  (b)PPy  films. 
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FIGURE  5  Typical  mass  change  at  PVF  and  PPy  electrodes  during  cyclic 
voltammetry  at  1  mV  s'1  arc  compared  to  the  respective  cyclic 
voltammograms  from  Fig.  1 . 
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FIGURE  7  Variation  of  capacitance  values(derived  from  low  frequency 
values)  against  potential  for  PVF  and  PPy  electrodes. 
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FIGURE  8  Comparison  of  the  mass  change  at  PPy  electrodes  with  three 

different  methods:  cyclic  voltammogram,  QCM  and  impedance. 
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FIGURE  9 


Phase  detection  interferometric  microscopic  profiles  for  PPy  and 
PVF  films. 


